only in those AWB neurons that are affected by the loss ADF, ASE, or ASI neurons, since markers for these neuron types were not ectopically expressed in ceh-37 muof lim-4 but unaffected by the loss of ceh-37 due to its partial penetrance. As shown in Supplemental Table S1 , tants (Table 1 and data not shown). Moreover, when visualized by dye filling, the neurons retained their bipothe number of AWB neurons misexpressing str-2 in the double mutants was similar to the number of AWB neular sensory neuronal morphology, indicating that the AWB neurons also did not adopt the fates of nonsensory rons which retained str-1 expression in ceh-37 mutants. These results suggest that CEH-37 acts to confer an or nonneuronal cells in ceh-37 mutants. These results suggest that, in the absence of ceh-37 function, the AWC-like fate in the AWB neurons upon loss of lim-4 expression.
AWB neurons may retain "generic" sensory neuronal properties but fail to express a specific sensory neuThe AWB neurons in ceh-37 mutants also did not express markers specific for the AWA, AWC, AFD, ASH, ron identity. The expression of stably integrated transgenes were examined in all cases. n Ͼ 45 for each. Adult animals grown at 25ЊC were examined. a str-2::gfp is expressed stochastically in either the left or the right AWC neuron in wild-type animals. b odr-1::dsRed is expressed strongly in the AWC and weakly in the AWB neurons in wild-type animals. Expression in the AWC neurons at levels less than in the AWB neurons was scored as loss of expression.
(Yu et al., 1997; Hobert et al., 1999). Expression of lim-6
Subsets of Otx Genes Can Functionally Substitute for Each Other in the Specification of AWB, was also weakly affected in ceh-36 alleles, and we ob-AFD, and AWC Neuron Identities served ectopic expression of gcy-5 in the ASEL neurons We investigated whether the C. elegans Otx genes and probably as a consequence of reduced lim-6 expresrat Otx1 can functionally substitute for each other in the sion. gcy-5 expression in the ASER neurons was unalspecification of neuronal identities. We first expressed tered (Table 2) . Thus, although ceh-36 is required to
Otx cDNAs under the ttx-1 promoter in ttx-1(p767) muspecify the basal identities of the AWC neurons, in the tants and examined AFD-specific gene expression. Ex-ASE neurons, ceh-36 acts primarily to diversify ASEL pression of either the ttx-1 or ceh-37 cDNA fully rescued and ASER identities. ceh-36 mutants did not exhibit the gcy-8::gfp gene expression defects of ttx-1(p767) defects in the expression of AWA, AWB, and AFD senmutants ( Figure 3A) . As demonstrated previously, rat sory neuron-specific markers and responded normally Otx1 compensated poorly for the loss of ttx-1 function to additional sensory stimuli ( Figure 1D , Table 2 (-VIT) showed were difficult to identify by position in late embryonic significant rescue of the ttx-1 mutant phenotype, this stages, we instead examined the expression of a cehsuggests that the inability of CEH-36 to fully substitute 37 promoter::gfp fusion gene, which would enable us for TTX-1 is likely not simply due to inappropriate levels to identify neuron types based on morphology. The exof expression but due to differences in CEH-36 and pression pattern of ceh-37::gfp was similar to that of TTX-1 protein functions. ceh-37::myc. A pair of neuronal cells that showed strong
We also expressed the Otx cDNAs under the cehexpression of gfp was identified as the AWB neurons 36 promoter in ceh-36(ky646) mutants and determined based on their characteristic ciliary morphology (Figure whether AWC-specific gene expression and sensory 2C). Expression in the AWB and additional neurons was functions were rescued. All Otx cDNAs significantly restransient such that expression was no longer observed cued both AWC-specific gene expression and AWCby the early L1 larval stages. However, expression in mediated behavior ( Figures 3B and 3C ), indicating that nonneuronal cells, including the excretory cell and intesthese genes are able to substitute for ceh-36 in the tine, was maintained through adult stages ( Figure 2D) . specification of AWC identity. We next examined the expression pattern of a cehWe next expressed ceh-36, ttx-1, ceh-37, and rat Otx1 36::gfp transgene. Sequences encoding GFP were fused cDNAs under the osm-6 promoter, which drives expresto the C terminus of ceh-36 coding sequences. This gfpsion in all ciliated neurons in C. elegans, including the tagged fusion gene rescued the AWC gene expression AWB neurons (Collet et al., 1998) . Expression of all Otx phenotype of ceh-36 mutants (data not shown). Like cDNAs resulted in significant rescue of str-1::gfp expresceh-37, ceh-36::gfp was also broadly expressed during sion in ceh-37(oy45) mutants ( Figure 3D ). This function early embryonic development (see Supplemental Figure  was restricted to Otx-type homeobox genes and was S2C). ceh-36 expression became restricted to the AWC dependent upon the homeodomain. We were unable to and ASE chemosensory neuron nuclei during late emdetermine whether the sensory behaviors mediated by bryonic stages (see Supplemental Figure S2D ) and was the AWB neurons and AWB-specific morphology were maintained through the adult stage ( Figure 2E ). Interestrestored because of the partially penetrant phenotype ingly, although the gene expression defects in ceh-36 of ceh-37 null mutants. mutants were primarily restricted to the ASEL neurons, Taken together, these results indicate that while all we observed ceh-36::gfp expression in both the ASEL Otx genes can functionally substitute for each other in the specification of AWB and AWC neuronal identities, and ASER neurons. ceh-37(oy45) mutants restored lim-4::gfp expression in the AWB neurons to similar levels (Table 3) . Moreover, TTX-1 and CEH-37 Act via LIM-4 to Regulate AWB Neuron Identity both ceh-37 and ttx-1 required LIM-4 function to restore str-1 expression, since expression of either osm-6::cehSince expression of both ceh-37 and ttx-1 in the AWB neurons restored AWB development, we next asked 37 or osm-6::ttx-1 was not able to restore str-1 expression in ceh-37 lim-4 double mutants (Table 3) . These whether these genes act by regulating the same downstream target(s), or whether they activate distinct downresults indicate that TTX-1 compensates for CEH-37 function in the AWB neurons by activating the same stream developmental pathways that result in phenotypically equivalent developmental outcomes. downstream target. We investigated whether AFD-and AWC-specific known. We have shown that three members of the Otx gene family specify different sensory neuronal subtypes genes were misexpressed in overlapping or nonoverlapping sets of cells. As the large numbers of misexpressing in the C. elegans nervous system, thereby increasing functional complexity. Taken together with previous cells in the head made it difficult to examine single neuron types, we focused on the four sensory neurons of findings, these results suggest that a basic principle by which cellular diversity may be achieved in the vertethe phasmid organs in the tail. Ninety-nine percent of transformed phasmid sensory neurons examined (n ϭ brate and invertebrate nervous systems is via the partly diverged functions of homologous genes acting in de-280) ( Figure 4D ) expressed either the AFD or AWC marker but not both, suggesting that these neurons velopmentally defined cellular contexts. adopted either AFD-or AWC-like features but did not adopt a hybrid identity.
Ectopic Expression of Otx-like Genes Promotes
Members of the Otx Gene Family Specify Distinct Neuronal Subtype Identities Unlike the AWB, AWC, and AFD neurons, the cellular context of a phasmid neuron did not appear to constrain via Different Mechanisms The ceh-36, ceh-37, and ttx-1 Otx genes share both the sensory neuron identity adopted upon misexpression of a specific Otx gene. We found that a given phassimilarities and differences in their mechanisms of action. Both ceh-36 and ttx-1 are expressed through the mid neuron could adopt either the AWC or AFD cell identities upon misexpression of an Otx gene. Interestadult stages in the AWC and AFD neurons. We previously showed that in ttx-1 mutants, AFD-specific gene ingly, in this cellular context, different Otx genes preferentially promoted either the AFD or AWC identities. Exexpression is retained in larvae but lost in adults (Satterlee et al., 2001), suggesting that TTX-1 is required pression of osm-6::ceh-36 resulted in a larger number of transformed phasmid cells expressing the AWC marfor maintenance but not initiation of AFD-specific gene expression. In ceh-36 mutants, however, AWC-specific ker, whereas expression of either osm-6::ceh-37 or allow the expression of AWC markers, whereas expresscriptional regulatory mechanisms or differences in prosion of ceh-37 or ttx-1 preferentially directs the exprestein threshold requirements may play a role in the inabilsion of AFD-specific markers. Although the ability of ity of ceh-36 to fully substitute for the ttx-1 mutant ceh-36 to preferentially direct the AWC fate may be in phenotype, the partial rescue observed upon expression part due to its relative inefficiency in directing the AFD of the mutant CEH-36(-VIT) protein suggests that diverfate, ceh-37 and ttx-1 appear to be capable of directing gence in protein function in the context of the AFD neueither the AWC or AFD fates when expressed in the rons is likely to be critical. Thus, as in mammals, diver-AWC or AFD neurons, respectively. These results reveal gence in both OTX protein function as well as gene differences in the intrinsic functions of these OTX proexpression patterns may account for the distinct mutant teins and suggest that phenotypic equivalence may phenotypes of the Otx genes in C. elegans. These differarise partly as a consequence of restriction of function ences may result from different rates of evolutionary by the cellular context of expression. change in the regulatory and coding sequences of these genes which presumably arose via gene duplication (Wagner, 2000) .
Concluding Remarks
Our findings implicate the Otx genes in a relatively late Knowledge of the downstream genetic pathways regulated by Otx genes has allowed us to investigate the step in the developmental hierarchies required for the generation of different sensory neuron types. Otx genes operational basis for the observed ability of the Otx genes to functionally substitute for each other. Funcact to confer neuron subtype specific but not general sensory neuron characteristics onto individual neuron tional equivalence in OTX activity has been defined primarily on the basis of rescued mutant phenotypes. Howtypes. Late developmental roles have also been proposed for Otx2 and the divergent Otx-like gene Crx in ever, in the absence of knowledge regarding the underlying mechanisms, it has remained unclear whether vertebrate retinal development and for the otd gene in
